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METHOD AND APPARATUS FOR CONTROLLING AN INTERNAL 
COMBUSTION ENGINE USING COMBUSTION CHAMBER 
PRESSURE SENSING 



Field of the Invention 

[0001] The present invention relates to a 
method and apparatus for controlling the start of 
combustion (or another measure indicative of 
combustion phasing) of an internal combustion 
process using sensor signals that are indicative 
of the pressure found in the combustion chambers 
of internal combustion engines. The combustion 
process generally involves combustion of a 
premixed charge of fuel and air supplemented by 
combustion of a directly injected quantity of 
fuel . 

Background of the Invention 

[0002] Compression ignition or auto-ignition of 
a lean fumigated or lean premixed charge of fuel,, 
once ignited, has the potential to burn while 
producing fewer pollutants such as oxides of 
nitrogen (NOx) and particulate matter (PM) than is 
the case for a non-premixed charge. Controlling 
ignition of such charges in an internal combustion 
engine can be difficult, however. Early ignition 
of a premixed charge during the compression stroke 
of the piston can result in overpressure, 
excessive pressure oscillations (typically 
referred to as engine knock) and subsequent engine 
damage. As such, conventional internal combustion 
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engine strategies employ premixed charges in 
cylinders with relatively low compression ratios 
thus inhibiting both early pre-ignition and what 
is often referred to as auto-ignition of the end- 
gas (or portions of the fresh fuel and air mixture 
that burn late in the combustion cycle) . This 
helps keep pressures and temperatures in the 
cylinder within a range that provides more control 
over the combustion rate (hence eliminating or 
limiting the magnitude of engine knock) . These 
engines typically initiate combustion with a spark 
plug and rely upon flame propagation to consume 
the fuel to near completion, theoretically placing 
a lower limit on how fuel -lean the fresh charge 
can be without incurring a significant loss in 
combustion efficiency. However, by limiting the 
compression ratio and restricting how fuel -lean 
the premixed charge can be prepared, the 
performance of the engine can also be limited and 
result in combustion that can be more polluting 
than is the case for combustion arising from auto- 
ignition of a fuel -air mixtures that is prepared 
with a fuel to air ratio below the theoretical 
lean propagation limit. 

[0003] Conversely, premixed charges have been 
employed in engines with higher diesel-like 
compression ratios. The fueling strategies 
employed with such engines seek to avoid excessive 
knocking that can negatively affect the engines in 
other ways, however. For example, knock intensity 
in high compression ratio engines can be limited 
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by limiting the fuel -lean equivalence ratio such 
that excessive engine knock will not be 
problematic for the premixed fuel introduced into 
the combustion chamber. This, however, can affect 
the engine operating load range. Other strategies 
affect performance, increase system complexity, 
and/or increase costs. 

[0004] One method of utilizing the clean burn 
of a lean premixed charge while avoiding losses in 
performance is to combine the method above that 
employs higher diesel-like compression ratios with 
a diffusion combustion strategy (see U.S. Patent 
Application Publication No. US 2002/0078918 Al) . 
As mentioned above, a premixed fuel/air charge 

(prepared to a fuel -lean equivalence ratio where 
excessive engine knock will not be problematic) is 
introduced into a high compression ratio engine. 
In order to supplement energy limited by the 
"excessive knock limit" of the premixed charge, 
additional combustion energy is provided by a 
quantity of fuel directly injected into the 
combustion chamber when the piston is at or near 
top dead center. The resulting burn of the 
directly injected fuel will, for the most part, be 
a diffusion burn of this fuel, ignited by 
compression heating of the premixed charge and 
potentially the burning premixed charge. 
Assuming combustion phasing of the premixed 
charged is controlled, the relatively short and 
easy to predict delay between the start of the 
direct injection process and the subsequent 
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ignition of that fuel helps to ensure that the 
fuel will burn when desired while imparting 
additional energy to the engine. 

[0005] A more auto- ignitable pilot fuel can be 
added and mixed with a premixed fuel/air charge 
early in the compression stroke to help ensure 
auto-ignition of the charge (see U.S. Patent 
Application Publication No. US 2002/0078918 Al and 
U.S. Patent No. 6,230,683). The fueling strategy 
that employs a premixed fuel/air charge with or 
without an injection of pilot fuel during the 
intake or early in the compression stroke, where 
the early pilot is employed to modify the auto- 
ignition properties of the premixed fuel/air and 
where a supplemental quantity of directly injected 
fuel is also provided to extend the load range of 
the engine will be referred to herein as a 
premixed charge combustion ignition engine with 
direct injection fueling (PCCI-DI) at or near top 
dead center (see U.S. Patent Application 
Publication No. US 2002/0078918 Al) . 

[0006] An important issue with PCCI-DI engines 
is the control of combustion phasing, herein 
referred to as controlling the start of combustion 

(SOC) of the premixed charge. That is, while 
ignition delays are inherent in spark-ignited 
applications and in applications that utilize a 
near top dead center (TDC) injection of auto- 
ignitable fuel to control SOC, these delays are 
understood in principle, relatively short and, 
therefore, relatively predictable. However, SOC 
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in an PCCI-DI engine is driven by the properties 
of the premixed charge as it evolves for each 
cylinder during an intake and compression stroke, 
hence it is dictated strongly by variations 
including, but not limited to, intake temperature 
and pressure, humidity and fuel quality. The 
effect of each variable upon the evolution of 
mixture state results in an onset of combustion 
that is less easily predicted and controlled. 
Moreover, system variability can result in 
fuel/air mixtures with different thermodynamic 
states for each engine cylinder as the engine 
cycle evolves. Therefore, the onset of auto- 
ignition for each cylinder may not occur at the 
same engine crank angle. 

[0007] Control of SOC from cylinder to cylinder 
(that is, cylinder balancing) is important. 
Therefore, direct SOC monitoring can be valuable. 
Accurately determining SOC from cycle-to-cycle 
requires an accurate sensor measurement for 
determining SOC such as cylinder pressure sensors, 
acoustic sensors and knock detectors, as well as a 
computationally efficient method to provide cycle- 
to-cycle results commensurate with the speed of 
the engine. As well, the ignition levers employed 
preferably provide accurate manageable control 
across the cylinders. Examples of such ignition 
levers that can help control SOC in PCCI-DI can be 
things such as direct controls on an ignition 
source (for example, glow plug temperature) or the 
timing and quantity of an injection of an auto- 
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ignitable pilot fuel affecting the auto-ignition 
properties of the premixed charge. Prior, 
conventional control strategies for a PCCI-DI 
engine consider such factors as intake charge 
properties and exhaust gas properties to control 
the quality of cycle to cycle combustion without 
monitoring SOC (see U.S. Patent Application 
Publication No. US 2002/0078918 Al) . Greater 
accuracy is desirable for control of a PCCI-DI. 
Direct estimation of SOC can provide this. 
[0008] Herein, the term SOC (start of 
combustion) is used to refer to an indicator of 
the combustion phasing of the premixed part of the 
combustion event which, in general with a PCCI-DI 
engine, would include the fuel air charge created 
by the introduction of a first fuel, mixed with an 
air charge and a pilot fuel within the intake 
system and/or possibly the combustion chamber such 
that such premixed (or partially premixed) charge 
is available near the completion of the 
compression stroke of the engine or near the 
beginning of the power stroke of the engine . 
Persons skilled in the technology involved here 
will understand that there are many different ways 
of defining SOC or combustion phasing. Some of 
these methods include a consideration of the crank 
angle at which: 

• peak heat release occurs, 

• a fraction of the premixed fuel energy 
has been released (for example, 10%) , or 

• a fraction of the total energy is 
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released. 

[0009] Note, for the purposes of this 
application a premixed charge is a charge that is 
introduced into the combustion chamber of an 
engine that is substantially mixed with air or 
oxygen prior to combustion of the fuel. As such, 
a premixed charge includes a fumigated charge 
inducted into the combustion chamber during the 
intake stroke, a fuel directly injected into an 
air charge during either compression or intake 
stroke of the piston, or other method of providing 
a fuel/air charge to the combustion chamber that 
is substantially mixed prior to initiation of 
combustion of that charge. A premixed charge can 
also include a charge of a mixed first fuel and 
second fuel and air that is auto-ignitable when 
the piston is near top dead center. In this case 
one of the fuels would be more auto-ignitable than 
the other fuel. A premixed charge will burn in a 
substantially homogeneous combustion mode. 

[0010] The present method estimates SOC and 
applies that estimation to adjust SOC in 
subsequent cycles of an internal combustion 
engine. The present method also addresses the 
issue of computational efficiency. 

Summary of the Invention 

[0011] The present method and apparatus 
determine SOC from cycle to cycle so that this 
information can be employed to vary an ignition 
lever available to the controller to adjust SOC to 
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more closely match a target SOC. 
[0012] An important utility of the present 
method and apparatus is the application of the 
disclosed SOC controls on PCCI-DI engines fueled 
by gaseous fuels that, in general, can be 
difficult to auto-ignite. Where PCCI-DI is 
employed, a pilot quantity of diesel fuel may be 
injected early in the compression stroke or during 
the intake stroke to change the auto- ignition 
properties of an intake charge of premixed gaseous 
fuel. Alternatively, a fuel that auto-ignites can 
be readily introduced into the intake system, for 
example with a port fuel injector. The quantity 
of pilot fuel is an ignition lever dictating the 
SOC timing in a given cycle. As pilot quantity 
can be changed quickly from cycle-to-cycle, 
estimated SOC can be employed by the controller to 
adjust the quantity of pilot fuel introduced into 
the combustion chamber thereby adjusting SOC for 
subsequent cycles. This provides for a fast 
acting control of combustion. 
[0013] Other ignition levers that can be 

employed to control timing of the SOC include 
pilot timing, intake manifold temperature, valve 
timing, equivalence ratio of the fuel, compression 
ratio, timing of the directly injected quantity of 
fuel and glow plug temperature or the properties 
of the directly injected quantity of fuel when hot 
surface ignition is employed. The method 
disclosed is useful for affecting the SOC controls 
noted above . 
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[0014] An embodiment of the present method for 
controlling combustion of a fuel within a 
combustion chamber of an internal combustion 
engine comprises introducing an intake charge into 
the combustion chamber during an intake event of a 
cycle of the engine, the piston partially defining 
the combustion chamber. Also, a first quantity of 
the fuel is introduced into the combustion chamber 
during the intake event or a compression event of 
the cycle, wherein the first quantity of the fuel 
and the intake charge are compressed and premixed 
at or near completion of the compression event. A 
second quantity of the fuel is directly injected 
into the combustion chamber when the piston is 
near top dead center and the fuel is burned in the 
combustion chamber during a power stroke of the 
cycle. A pre -combust ion sensor signal ( P(A) ) , 
determined prior to combustion of the first 
quantity of the fuel, and a first post -ignition 
sensor signal (P(B)), determined during combustion 
of the fuel, are delivered to a controller. The 
sensor signals are indicative of a pressure within 
the combustion chamber. An estimated SOC of the 
first quantity of the fuel is calculated from the 
pre-combustion sensor signal and the first post- 
ignition sensor signal, all of which is done in a 
given cycle of the engine. Then in a subsequent 
cycle of the engine, an ignition lever is varied 
if the estimated SOC of the first quantity of the 
fuel is different than a predetermined target SOC 
of the first quantity of the fuel. 
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[0015] In a preferred method, the estimated SOC 
is determined by employing a ratio of the pre- 
combustion sensor signal and the first post- 
ignition sensor signal or employing the difference 
between these signals. 

[0016] The method further comprises delivering 

to the controller, a second post-ignition signal 
(P(C)) determined prior to completion of a power 
stroke of the cycle. This signal is also employed 
to estimate SOC of the first quantity of the fuel 
within the combustion chamber. 

[0017] In a further embodiment, an estimated 
SOC is also determined by employing at least one 
ratio of the pre -combust ion sensor signal and at 
least one of either the first or second post- 
ignition sensor signal where the estimated SOC is 
directly proportional to the ratio. 

[0018] In a further embodiment of the present 
method, a first pre-determined constant {K } ) and 

a second predetermined constant ( K 2 ) are employed 
to determine the estimated SOC, the estimated SOC 
being equal to K x P ntio +K 2 . The first post-ignition 
sensor signal is determined at a first crank 
angle, that is less than a peak pressure crank 
angle which corresponds to a peak cylinder 
pressure. The second post -ignition sensor signal 
is determined at a second crank angle, greater 
than the peak pressure crank angle. 
[0019] In another embodiment of the present 
method, the first post-ignition sensor signal is 
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determined at a first crank angle greater than a 
peak pressure crank angle corresponding to a peak 
cylinder pressure within the combustion chamber 
during the cycle of the engine. 
[0020] In another embodiment of the present 

^ „ P ( B ) p (Q 
method, the ratio is — + . 

P(A) P(A) 

[0021] The predetermined target SOC can be set 
by the controller based on an engine speed 
indicative of a cycle engine speed during the 
cycle, and a boost pressure indicative of an 
engine load during the cycle, which in a preferred 
embodiment, can be measured. 

[0022] In another embodiment of the present 
method, the ratio includes a first ratio being 

p(b) P(C) 

- - and a second ratio being . The first 

P(A) * P(A) 

and second ratios being indicative of a first 

estimated SOC and a second estimated SOC 

respectively, which are, in turn, indicative of 

the estimated SOC. 

[0023] In another embodiment of the present 
method, an n number of constants are employed to 
determine the estimated SOC. The estimated SOC is 
equal to the relationship 

[0024] In a further embodiment of present 
method, the ignition lever is glow plug 
temperature. The engine would comprise a glow 
plug in fluid communication with the combustion 
chamber . 
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[0025] The ignition lever can also comprise the 
first quantity of fuel, which comprises a first 
fuel and a pilot fuel. The second quantity of the 
fuel comprises a second directly injected fuel, 
with the pilot fuel being more auto-ignitable than 
the first fuel. In another embodiment, the pilot 
fuel is directly injected into the combustion 
chamber and, in a further embodiment, the ignition 
lever can be one of pilot fuel quantity, pilot 
fuel timing and first fuel quantity. 

[0026] In another embodiment, the first fuel is 

the same as the second injected fuel. Also, both 
can be gaseous fuels, preferably one of hydrogen 
and natural gas or a mixture of gaseous fuels 
comprising at least one of hydrogen and natural 
gas. In a preferred example the first fuel 
comprises hydrogen and the second injected fuel 
comprises natural gas. 

[0027] A preferred embodiment of the present 
apparatus controls SOC of a fuel in a combustion 
chamber of an internal combustion engine. The 
engine comprises an injector and a manifold for 
introducing the fuel into the combustion chamber 
and the control apparatus comprises a controller, 
in communication with an ignition lever capable of 
adjusting SOC of the fuel within the combustion 
chamber. The controller also comprises a sensor, 
in communication with the controller, for 
directing a pre -combust ion signal and a post- 
ignition signal to the controller. The signals 
are indicative of changes in pressure in the 
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combustion chamber and the controller is capable 
of directing the ignition lever based on the pre- 
combustion signal and the post-ignition signal. 
[002 8] In another embodiment of the present 
apparatus, the sensor can be an optical sensor in 
direct communication with the combustion chamber 
and disposed in a fire deck. The fire deck 
partially defines the combustion chamber. The 
sensor can also be a strain gauge in communication 
with the fire deck. 

[0029] In another embodiment of the present 
apparatus, the fuel comprises a first fuel, a 
pilot fuel that is more auto-ignitable than the 
first fuel and a second injected fuel. 
[0030] In a further embodiment of the present 
apparatus, the injector is capable of injecting 
and adjusting the timing and quantity of the pilot 
fuel and injecting the second injected fuel. The 
ignition lever can be the quantity or timing of 
the pilot fuel, or a glow plug in fluid 
communication with the combustion chamber. A 
quantity of the first fuel can also be adjusted in 
the manifold where the quantity of the first fuel 
is the ignition lever. The pilot fuel can be 
diesel fuel. The first fuel can have the same or 
substantially the same composition as the second 
injected fuel and both can be gaseous fuels where, 
preferably, one is hydrogen and/or natural gas. 
[0031] In another embodiment of the present 
method, combustion of a main fuel is controlled 
within a combustion chamber of an internal 
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combustion engine. The method comprises 
introducing an intake charge into the combustion 
chamber during an intake event of a cycle of the 
engine, introducing a first quantity of the main 
fuel into the combustion chamber during the intake 
event or a compression event of the cycle and 
introducing a first quantity of a pilot fuel into 
the combustion chamber at a pilot timing during 
the intake event or the compression event of the 
engine. The first quantity of the main fuel, the 
first quantity of the pilot fuel and the intake 
charge are compressed and premixed into an auto- 
ignitable fuel/air charge at or near completion of 
the compression event. The pilot fuel is more 
auto-ignitable than the main fuel. A second 
quantity of the main fuel is directly injecting 
into the combustion chamber when the piston is 
near top dead center. A pre-combustion sensor 
signal ( P(A) ) determined prior to combustion of 
the auto-ignitable fuel/air charge and at least 
one post -ignition sensor signal determined during 
combustion of the main fuel, are delivered to a 
controller. The sensor signals are indicative of 
a pressure within the combustion chamber. All of 
this occurs during a cycle of the engine. At 
least one ratio (P ratio ) is calculated from the pre- 
combustion sensor signal and the post -ignition 
sensor signal. The ratio is indicative of an 
estimated SOC of the auto-ignitable fuel/air 
charge within the combustion chamber. A first 
quantity of the pilot fuel, the pilot timing or 
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the first quantity of the main fuel are then 
varied in a subsequent cycle of the engine where 
the estimated SOC of the auto-ignitable fuel/air 
charge is different than a predetermined target 
SOC of the auto-ignitable fuel/air charge. 

[0032] In another embodiment of the foregoing 
method, two post -ignition sensor signals are 
delivered to the controller: a first post-ignition 
sensor signal (P(B)) and a second post -ignition 
sensor signal ( P(C) ) . The first post-ignition 
sensor signal is determined at a first crank 
angle, which is less than a peak pressure crank 
angle, corresponding to a peak cylinder pressure 
within the combustion chamber during the cycle of 
the engine. The second post -ignition sensor 
signal can be determined at a second crank angle, 
greater than the peak pressure crank angle. 

[0033] In another embodiment, the ratio is 

j](jO + m The estimated SOC is calculated from 

P(A) P(A) 

this ratio. 

[0034] In another embodiment of the foregoing 
method, a first pre-determined constant (K } ) and 
a second predetermined constant ( K 2 ) are employed 
to determine the estimated SOC, the estimated SOC 
being equal to K x P mti0 + K 2 . 

[0035] This method can be practiced with the 
main fuel being a gaseous fuel . The method can 
also be practiced wherein the gaseous fuel is one 
of hydrogen and natural gas or comprises at least 
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one of either gaseous fuel. 

Brief Description of the Drawings 
[0036] FIG. 1 shows a cross section of the 
combustion chamber for an internal combustion 
engine through the four strokes of a four- stroke 
cycle engine. The intake stroke is shown in FIG. 
la. The compression stroke is shown in FIG. lb. 
and FIG. lc. The piston is shown near top dead 
center after or near the completion of a 
compression stroke in FIG. Id. FIGs. le and If 
show the combustion chamber during the power 
stroke and the exhaust stroke, respectively. 
[0037] FIG. 2 shows a control flow chart of the 
present method of controlling an internal 
combustion engine using combustion chamber 
pressure sensing. 

[0038] FIG. 3 shows a graph of pressure within 
the combustion chamber versus crank angle. 

[0039] FIG. 4 shows a correlation line of SOC 
versus pressure ratio for determining and 
adjusting SOC in a PCCI-DI engine. 

[0040] FIG. 5 shows a second correlation line 
of SOC versus pressure ratio for determining and 
adjusting SOC in a PCCI-DI engine. 

Detailed Description of Preferred Embodiment (S) 
[0041] A method is provided for calculating the 
SOC of a premixed charge of air and fuel within a 
combustion chamber of an internal combustion 
engine and applying that method to control SOC of 
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a premixed charge of fuel subsequently introduced 
into the combustion chamber of an internal 
combustion engine. 

[0042] Further, a method to affect the auto- 
ignition properties of a premixed charge of air 
and fuel by controlling the quantity and 
stratification of a relatively easy to auto-ignite 
fuel into the charge is disclosed . 
[0043] Referring to FIG. 1, a series of six 
figures, a through f, provide the operational 
strategy over the course of an engine cycle, 
beginning with the commencement of an intake 
stroke, FIG. la, and finishing off with the final 
stages of the exhaust stroke, FIG. If. 
[0044] Specifically, referring to FIG. la, 
combustion chamber 10 of internal combustion 
engine 98 is defined by cylinder 12, piston 14 and 
fire deck 16. Piston 14 is commencing an intake 
stroke. Intake valve 18 is opened to allow a fuel 
air charge or air intake charge to be drawn into 
chamber 10 through an intake line as demonstrated 
by arrow 24. A portion of intake line 22 is 
shown. During the intake stroke, piston 14 is 
moving in the direction of arrow 26 toward the 
bottom of cylinder 12. Injector 28, exhaust valve 
30 and a portion of exhaust line 32 are also 
shown. In the embodiment shown, sensor 3 4 is 
disposed through fire deck 16, with membrane 36 
approximately flush with the interface between 
fire deck 16 and combustion chamber 10. It should 
be noted that an alternative embodiment is one 
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where the membrane is connected to the combustion 
chamber through a passage. Signals are provided 
to controller 38 through line 40 from sensor 34 
and through line 42 to injector 28 from controller 
38 . 

[0045] Referring to FIG. lb, piston 14 is near 
bottom dead center and in the process of a 
compression stroke as indicated by arrow 44 . 
During this early stage of the compression stroke 
in the embodiment provided, pilot fuel 46 is 
injected into the combustion chamber through 
injector 2 8 as commanded by controller 3 8 
directing an injection signal to injector 28 as 
indicated by the arrow on line 42. Inside the 
combustion chamber, pilot fuel 46 begins mixing 
with the intake charge. Both intake valve 18 and 
exhaust valve 3 0 are closed. 

[0046] Referring to FIG. lc, piston 14 is shown 
prior to combustion late in the compression 
stroke. A pressure measurement from sensor 34 can 
be directed through line 40 to controller 38 as 
indicated by the arrow on line 40. 
[0047] Near top dead center, in the embodiment 
provided, as shown in FIG. Id, supplemental fuel 
injection 52 is provided into the combustion 
chamber as directed by a signal from controller 3 8 
as indicated by the arrow on line 42. Combustion 
of the charge within the combustion chamber has 
likely commenced by this point. A signal is 
measured by sensor 34 and sent to controller 38 as 
indicated by the arrow on line 40. 
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[0048] Referring to FIG. le, piston 14 is in 
the early stages of a power stroke, where the 
premixed fuel provided in the intake stroke and/or 
the compression stroke and the directly injected 
fuel provided near top dead center burn, thereby 
driving piston 14 in the direction of arrow 56. 
Combustion products 58 resulting from burned fuel 
begin forming within combustion chamber 10. Also, 
at this point in the engine cycle, a pressure 
signal can be provided to controller 3 8 by sensor 
34 along line 40 as indicated by the arrow 
provided . 

[0049] Finally, referring to FIG. If, exhaust 
gases 58 are directed from combustion chamber 10 
by piston 14 moving in the directing indicated by 
arrow 62 while exhaust valve 3 0 is open. 

[0050] Generally, FIGs. la through If represent 
a preferred embodiment of the operation of the 
combustion chamber in the present method is 
employed. Combustion of a fuel drives the piston. 
In this preferred embodiment, the fuel is made up 
of a main fuel and a pilot fuel, combustion of the 
main fuel being aided by an injection of a pilot 
fuel that is more auto-ignitable than the main 
fuel. The injection of pilot fuel 46 shown in 
FIG. lb is early enough in the compression stroke 
that it substantially mixes with the intake charge 

(made up of air and a main fuel) changing the 
auto- ignition characteristics of that charge 

(creating an auto-ignitable fuel/air charge) to 
promote combustion when the fuel /air mixture in 
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combustion chamber 10 are near the end of the 
compression stroke or at the beginning of the 
power stroke (near top dead center) . 
[0051] This method of driving a piston during 
the power stroke is dependent on the properties of 
the charge within combustion chamber 10 when 
piston 14 is near top dead center. Combustion of 
the charge can be difficult to control in light of 
system variability and the delay between the 
injection of pilot fuel 46 and completion of the 
compression stroke, see FIG. Id. According to the 
preferred method, sensor 34 is employed to monitor 
the SOC within chamber 10. The resulting 
information is employed to vary the quantity of 
pilot fuel 46 employed from cycle to cycle to 
affect the auto-ignition properties of premixed 
charge such that SOC in subsequent cycles of the 
engine is driven to a desirable point within the 
engine cycle. The present method monitors 
pressure over the course of an engine cycle to 
control SOC where discrete samples of the signal 
are made . 

[0052] Specifically, referring to FIG. lc, Id 
and le, three sensor readings are taken. A 
pressure reading within combustion chamber 10 is 
taken by sensor 34 and delivered to controller 38 
prior to combustion (see FIG. lc) . A second 
pressure reading is taken by sensor 34 after 
commencement of combustion. This is, generally, 
early in the power stroke of piston 14 (see FIG. 
Id) . A third reading is taken later in the power 
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stroke (see FIG. le) . Both the second and third 
readings are, preferably, taken during combustion 
of the fuel. These measurements are then combined 
mathematically and compared against a target value 
to provide closed-loop adjustment of pilot 
quantity. As such, the auto-ignition properties 
of the premixed charge are adjusted to match a 
desired SOC timing. Generally, pilot quantity is 
reduced if combustion occurred too early in cycle 
and increased if it occurred too late relative to 
the target SOC. 

[0053] As noted above, other ignition levers 

can also be employed depending on the fuels and 
engine used to affect SOC from cycle to cycle. 

[0054] Typical sensors are AC coupled. This 

can prevent them from measuring the DC component . 
As would be understood by persons skilled in the 
technology involved here, "pegging" is employed to 
secure this component. Pegging of a cylinder 
pressure measure is performed, for example, by 
shifting the entire cylinder pressure signature 
positively or negatively by a fixed quantity to 
align a measured intake manifold pressure and the 
cylinder pressure during the intake stroke, or 
when the piston is near bottom dead center. 
Regarding the present disclosure, a pegging 
strategy that can be employed shifts the entire 
pressure- indicative trace by a fixed positive or 
negative amount so that a value during the intake 
stroke or near bottom dead center is set to zero. 
Mathematically, this removes dependence of the 
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present method on the sensor's calibration factor, 
thus making the approach less sensitive to 
drifting in the sensor calibration. 
[0055] Referring to FIG. 2, a flow diagram is 
provided setting out the present method for 
controlling timing of SOC in the present PCCI-DI 
combustion mode noted above. Reference is made to 
engine 98 described above in FIG. 1 and carried 
over to the flow diagram of FIG. 2. Pressure- 
indicative sensor signals 100 are first determined 
by sensor 34 (see FIG. 1) at A crank angle 
degrees before top dead center, P(a) , and at B 
and C crank angle degrees after top dead center, 
P(B) and P(C) , respectively. Pressure -indicative 
sensor signals 100 are employed to calculate ratio 
102 of P(B) to P(A) and ratio 103 of P(C) to P(A) . 
Filters 104, 106 are applied to each of ratios 
102, 103 to smooth data collected from cycle to 
cycle. By way of example, an RC- filter could be 
applied over a window of several engine cycles. 
These filtered ratios are added together at P ratio 
step 107 and correlated at step 108 to determine 
an SOC estimate ( SOC est ) . 

[0056] The method employs measured values for 
engine speed {RPM eng ) and boost pressure (P boost ) , 
step 112, from engine 98. These values are 
employed to establish an SOC target {SOC tar ) 116 
which can be generally done correlating RPM eng and 

P boost to the corresponding SOC tar from a look-up 



-23- 



table, where it would be understood by persons 
skilled in the technology involved here that other 
parameters indicative of load and speed could be 
employed as the axes of the look-up table. SOC 
error ( s soc ) 118 is then determined considering 
the difference between SOC est from SOC step 108 and 
SOC tar from step 116. e soc from step 118 is then 
employed in one or more subsequent cycles to 
adjust pilot flow (Q pilot ) based on the adjusted 

early pilot quantity (EDP n ) which is, in turn, 
determined from previous early diesel pilot 

quantity ( EDP n ~ l ) and the desired change in that 
quantity (AEDP) found from s soc . EDP n is found 
in step 12 0 and converted to a new Q pilot in step 
122. As shown, Q pilot is sent to engine 98, and 

specifically injector 28 referring to FIG. lb. 
[0057] In practice, the illustrated embodiment 
employs controller 38, as shown in FIG. la through 
If, to perform steps 102, 103, 104, 106, 107, 108, 
118, 116, 120 and 122 once fed values 
corresponding to data considered in steps 100 and 
112 . 

[0058] Referring to FIG. 3 as an example, 

where the pressure- indicative signal is cylinder 
pressure measured from an in-cylinder pressure 
sensor, a graph plotting pressure against crank 
angle over the later part of a compression stroke 
and the beginning of a power stroke for engine 98 
is shown. Sample values for A , see line 200, as 
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well as potential angles for B and C are 
provided, indicated by lines 202, 204, 206 and 
208. In addition, each of lines 200, 202, 204, 
206 and 208, intersect three sample pressure 
curves. Pressure curve 209 shows normal or target 
behavior for the engine. That is, combustion has 
commenced where desired for the demands placed on 
engine 98 by the user. Retarded combustion curve 
210 and advanced combustion curve 212 are provided 
as well. 

[0059] Crank angle A is chosen during the 

compression stroke prior to the commencement of 
combustion. This pressure- indicative signal, 
preferably, should be relatively high (as compared 
to a baseline pressure-indicative signal at such 
timing as bottom dead center where the pegging 
routine is expected to applied) to increase or 
maximize the signal to noise ratio inherent to the 
measured signal. Hence, it is beneficial that A 
be recorded at a crank angle late in the 
compression stroke; however, it is highly 
desirable that A is recorded at a crank angle 
prior to onset of combustion. Line 200, from FIG. 
3, intersects the three curves, 209, 210 and 212, 
at angle A . An example value is 32 crank angle 
degrees prior to top dead center. 

[0060] Crank angles, B and C are preferably 
chosen near the peak of the cylinder pressure- 
indicative signal with a few degrees between them, 
and preferably on either side of peak cylinder 
pressure- indicative signal. While in general it 
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may not be necessary to employ more than one 
sensor signal post-ignition, a sensor reading at 
both crank angle B and C is preferred. 
Introducing a second reading after commencement of 
combustion helps ensure that spikes in the 
pressure-indicative signal due to very early or 
very late combustion are sampled accurately. 
Where a reading at crank angle B and C are 
employed, a more robust algorithm is introduced 
that reflects the pressure trend between crank 
angles B and C and, consequently, helps to 
ensure a unique correlation between P ratio and SOC. 
A single point is not capable of detecting such a 
signal trend within a single cycle of the engine. 
In any event, it may be satisfactory for the 
application contemplated to rely on the single 
post-ignition signal, B or C , and apply it as 
taught below where equation 2 would not include 
P(C)/P(A) or P(B)/P(A), as the case may be, for 
determining P ratio . 

[0061] For example, referring to FIG. 3, 
relying on a pressure reading at C alone fails to 
reflect a trend for pressure and can affect 
accuracy of the resulting adjustment to SOC. For 
example, if C were chosen at the point 
corresponding with line 2 04, it may be unclear 
which side of the peak of each of curves 209, 210 
and 212, the pressure measurement was taken. That 
is, where early combustion occurs, C at line 2 04 
is on the right side of the peak of this curve. 
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The single-point algorithm may fail to recognize 
this and assume C was measured at the 
corresponding pressure found on the left side of 
the peak of curve 212 resulting in an SOC est value 
that is more retard than the true SOC . 

[0062] Conversely, while accuracy in 
determining SOC es( is enhanced with two or more 
readings after combustion has commenced, the 
additional computational time in employing more 
than 3 total readings can be prohibitive with 
relatively limited improvement to the robustness 
of the system. However, as would be understood by 
persons skilled in the technology involved here, 
the present method will also operate effectively 
with additional readings after the commencement of 
combustion if computer processors are introduced 
with computing speeds fast enough to handle a 
greater number of readings. 

[0063] Preferably, two readings after 
commencement of combustion provide accuracy 
without undue burden on the computational capacity 
of controller 38. 

[0064] Further, it is preferred that post- 
ignition sensor signals be centered around the 
peak in the cylinder pressure- indicative signal, 
and hence typically chosen during the combustion 
of the premixed fuel/air. It is expected, however 
that an estimate of SOC can be made, in any event, 
as long as the post-ignition sensor signals are 
provide during the power stroke. 
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[0065] Considering each step of the method set 

out in FIG . 2 for the mode of operating an 

internal combustion engine described in FIG. 1, 

the following provides the relationship employed 

to determine SOC e5t : 

SOC e5l =K,P ralio +K 2 (1) 

where 



P . = 

ratio 



p(b) , P(Q 
P(A) P(A)j 



(2) 



and P(A), P(b) and P(C) are the pressure- 
indicative measurements (or more specifically, the 
sensor measurements) at crank angle locations A, 
B and C. Referring again to FIG. 2, the ratio 
P(B)/P(A) calculated at step 102 and P(C)/P(A) 
calculated at step 103 are employed to determine 
SOC es( . The use of ratios allow dependence on 
sensor gain to be reduced or eliminated. 
[0066] Constants K x and K 2 are predetermined 
for the engine based on the linear relationship of 
SOC est versus P rati0 . 

[0067] Referring to FIGs. 4 and 5, an example 
of the linear relationship between actual measured 
SOC (SOC msd ) and P ratio is provided for an PCCI-DI 

engine for two different values of B and C . The 
value of B in FIG. 4 is earlier in the engine 
cycle than B in FIG. 5. The value of C in FIG. 
4 is earlier, in the engine cycle, than C in FIG. 
5. In FIGs. 4 and 5, SOC msd against P ratio are 
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plotted under three different load conditions to 
allow for a slope that is indicative of various 
points on the engine map. 

[0068] Referring specifically to FIG. 4, 

points 300 shows SOC msd plotted against P ratio for a 
high load condition. Points 3 02 show SOC msd 
plotted against P ratio for a mid-load range. Points 
3 04 show SOC msd plotted against P rati0 for a low load 
condition. Line 306 then represents the best fit 
through points 300, 302 and 304. K x is the slope 
of line 3 06. K 2 is the intercept point. 

[0069] Referring to FIG. 5, a second plot is 
provided that shows SOC msd plotted against P ratio for 

a second set of values for B and C as noted 
above. Again, points 350, 352 and 354 represent 
values at high, medium and low load conditions. 
Line 356 provides the best fit through these 
values where AT, and K 2 are the slope and 

intercept of line 356 for the chosen B and C, 
respectively. 

[0070] A variety of different values of B and 
C, and, for that matter, A, values can be chosen 
to derive a number of different relationships 
between SOC msd and P rati0 . Moreover, it is not 
necessary to derive the relationship for different 
load conditions and, conversely, additional 
accuracy can be found by including even more than 
the three load conditions demonstrated in the two 
diagrams. In general, however, a single 
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relationship for the engine under consideration 

must be chosen. The value of the best fit (R 2 ) 
as well as the sensitivity of the relationship 
derived will help to determine the best choices 
for A , B and C for the engine under 
consideration. Sensitivity, S , can be determined 
by: 



d 


\P{B) i P(C) 
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[0071] This ratio provides for a desirable rate 
of change in the linear relationship that responds 
meaningfully to relatively small changes in the 
pressure-indicative ratio . 

[0072] Referring again to FIGs. 4 and 5, 
example values of A , B and C are employed for a 
particular engine. These are 30, 6 and 12 in FIG. 
4 and 30, 12 and 18 in FIG. 5 for each of A , B 
and C, respectively. The result is line 306 and 

line 356. The value of the best fit,/? 2 , is 
better for line 306 than is the case for line 356. 
However, S for line 356 is better than is the 
case for line 306. The best fit in this case 
would probably point to use of K x and K 2 of -3 . 14 
and 32.3, respectively, in this example over the 
values provided by line 356. That is, the 
difference in R 2 outweighs the difference in S 
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between the two lines, 306 and 356, for this 
particular example. 

[0073] Note that additional accuracy for K x 
and K 2 over discrete ranges of the engine map can 
also be determined by securing a best fit line 
through each of the points plotted for a given 
load. That is, in the example of FIG. 4, three 
lines could be found from the best fit through 
points 300, 302 and 304 resulting in three 
distinct values for K x and K 2 . The controller 
would employ the appropriate value of K x and K 2 
when the user demands that the engine operate 
within a corresponding load range on the engine 
map. Small differences in K x and K 2 in different 
local regions of the engine map are identified and 
bounded where boost pressure (as a measure of 
engine load, for example) is sent to the 
controller resulting in values for K x and K 2 . 
More or less than three regions resulting in three 
constant values sets, K x and K 2 , may be 
identified. 

[0074] It is understood that some combinations 
of sensor signals, crank angle choices of 
measurements and SOC indicators may require higher 
order relationships between SOC est and P ratio for 
best fit or may yield better accuracy between 
SOC est and P ratio when higher order relationships are 
employed. It is further understood that persons 
skilled in the technology involved here could 
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derive higher order correlations coefficients from 
the methods described in this disclosure. 
[0075] SOCfnsd can be determined from a 

laboratory grade cylinder pressure transducer 
measuring actual SOC, as would be understood by 
persons skilled in the technology involved here. 
[0076] Returning to FIG. 2, with K x and K 2 
predetermined, SOC est is found as shown in step 
108. This is then employed to determine, in step 
118, e soc between SOC est and SOC tar , which is 
derived in step 116 from a look-up table, 
referencing for example measured values for boost 
pressure and engine speed sent from engine 98 to 
the controller as shown in step 112. s soc is: 

£soc=SOC est -SOC tar 
With € soc , a AEDP is found and employed to adjust 
the previous commanded injection timing EDP n ~ x to 
determine EDP" as shown in step 12 0 where: 
£soc < 0 => EDP n = EDP n - x + AEDP (4 ) 

s soc >0^EDP n =EDP n ' } -AEDP (5) 
AEDPoz£ soc (6) 

EDP n is then employed to determine a command Q pilot 
for a subsequent pilot injection which is directed 
to engine 98 where Q pilot oc e soc : see step 122. 

[0077] In general, while not necessary for the 
operability of the present method and apparatus, 
6 S0C can be assumed to be zero if it is within 0.2 
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crank angle degrees of SOC tar . The preferred 
method is to take action upon statistical 
significant changes in the measured signal. 
[0078] There is a direct relationship between 

e soc and the adjusted quantity of pilot, EDP" , 
that is AEDP oc e soc for a given set of engine 
conditions that results in the control of 
combustion from cycle to cycle. Increasing the 
pilot quantity advances combustion, where engine 
testing would be employed to calibrate the system 
response and hence determine the relationships 
between, Q pilot oc e soc as well as AEDP oc e soc , as would 

be understood by person skilled in the technology 
involved here. 

[0079] While equation 2 above employs an 
additive value to determine P ratio employing two 

post-ignition locations compared to a pre- 
combustion value, it is not necessary to limit the 
method to this means of determining SOC est . It is 
also possible to estimate two independent SOC est 

values (SOC 1 ^ and SOC 2 est ) by reference to a first 
database or look-up table generated by a 
predetermined linear relationship between a 
measure set of SOC points and P(c)/P(A) and a 
second database or look-up table generated by 
another predetermined linear relationship between 

a measure set of SOC points and P(b)/P(A) . Each 
estimated SOC, SOC' and SOC 2 e5t , determined for 
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each P rati0 would be averaged to provide SOC est and, 

from that, the e soc over the SOC tar . In general 

this method can be provided by the following: 

SOC est ={sOCl+SOC 2 est )l2 (7) 

where 

SOCl=K\Pl tio +K\ (8) 

SOC 2 est =K?P 2 tio +K 2 2 (9) 

/>' (10) 
Kati0 P(A) 1 } 

P 2 =^ (11) 

f ratio p ^ 

[0080] Also, SOC est need not be an actual SOC 

value but may just be the associated target 
pressure-indicative ratio corresponding to an 
estimated SOC. That is, equation 1 provides a 
means of estimating the SOC and, in turn, 
employing that to determine and SOC error, s soc . 

However, it would also be understood that the 
pressure-indicative ratio, for example, 
P(b)/P(a) + P(C)/P(A) , could be directly employed and 
compared to the associated pressure-indicative 
ratio expected of SOC tar to determine e soc , based 
on the difference in the pressure -indicative ratio 
associated with SOC (ar and P ratio , see equation 2 . 

[0081] Furthermore, while ratios of pre- 
combustion and post -ignition signals are 
preferred, what is important is that the two 
values be compared to each other. The difference 
in pre -combust ion and post-ignition signals can 
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also be employed to determine estimated SOC est . 

The important aspect is to determine the 
relationship between the signals provided. Among 
other factors, this helps to reduce or eliminate 
having to rely on the sensor to provide an 
accurate absolute measurement of pressure within 
the combustion chamber. 

[0082] Note for the purposes of this 
application, signals provided by a sensor employed 
to determined SOC are not necessarily pressure 
measurements, per se, although reference is made 
throughout the disclosure to pressure measurements 
and pressure sensors and signals. As would be 
understood by persons skilled in the technology 
involved here, pressure measurement references 
include any signal provided by a sensor that is 
directly indicative of the pressure within the 
combustion chamber or the change in pressure in 
the combustion chamber. In addition to an optical 
sensor employed for embodiment discussed above, 
suitable such sensors include an automotive 
cylinder pressure transducer, a strain gauge 
instrumented injector hold-down clamp, a strain 
gauge instrumented probe that measures head 
deflection, a knock sensor, a piezoelectric washer 
on the hold-down bolt or head bolt, or other 
sensor mounted in a location where a signal that 
can be correlated to cylinder pressure. More 
generically, strain measurements on various engine 
components can be employed, where the strain 
correlates with the cylinder pressure. In most 
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cases, an appropriate algorithm to provide data 
for the purposes of SOC control that is indicative 
of cylinder pressure, as understood by persons 
skilled in the technology involved here. 
[0083] While the method described above, with 
premixed fuel and directly injected fuel, 
introduces a charge into the combustion chamber 
through the intake line, it is possible, as well, 
to introduce air alone into the combustion chamber 
through the intake line and manifold, 
supplementing this with fuel directly injected 
early in the compression stroke of the piston or 
during the intake stroke to ensure adequate mixing 
of the fuel with the intake air charge. 
[0084] Also, as noted previously, while 
adjusting pilot quantities is a preferred method 
of adjusting SOC from cycle to cycle, other 
ignition levers can be employed. The controller 
could also direct changes in pilot timing in a 
pilot-fuelled engine or gaseous-fuelled engine 
that employs a pilot charge for ignition. Also 
intake manifold temperature, valve timing, 
equivalence ratio of the intake charge, 
compression ratio, and timing of the directly 
injected quantity of fuel influence SOC and 
therefore provide a means of varying SOC from 
cycle-to-cycle whether pilot fuel, auto- ignition 
of the main fuel, or hot surface ignition are 
employed. 

[0085] Where hot surface ignition is employed, 
variations in glow plug temperature could be 
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manipulated by the controller from cycle-to-cycle 
in response to SOC errors derived from the above 
taught method. The pressure, quantity and timing 
of a directly injected quantity of fuel guided to 
the glow plug for the purposes of ignition could 
also be changed to affect SOC in subsequent engine 
cycles . 

[0086] Note also that present method is also 
applicable to a two- stroke cycle engine or rotary 
engines. As rotary engines are contemplated, an 
intake event, compression event, power event and 
exhaust event during an engine cycle include the 
four strokes (intake, compression, power and 
exhaust) and two strokes of a two- stroke 
reciprocating engine as well as the rotary engine 
events . 

[0087] While particular elements, embodiments 
and applications of the present invention have 
been shown and described, it will be understood, 
that the invention is not limited thereto since 
modifications can be made by those skilled in the 
art without departing from the scope of the 
present disclosure, particularly in light of the 
foregoing teachings . 



